Abstract: Crown profile equations were developed for stand-grown western hemlock (Tsuga heterophylla (Raf.) Sarg.) in northwest Oregon. The profile model uses a segmented approach, dividing the crown into an upper and lower portion at the point of the largest crown width (LCW). The model explains about 86% of the variation in crown width when LCW is known but only 66% when LCW is predicted using a model developed from a larger data set collected in the same area as the data for developing the crown profile models were collected. The model can be adjusted using measurements or predictions of LCW for western hemlock in other populations. Comparisons are made with the crown form of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco).
Introduction
Information that describes tree crown structure is becoming increasingly important to resource managers. This information is used to estimate crown cover, crown volume, the fractal dimension of the crown (e.g., Corona 1991; Zeide and Gresham 1991; Zeide and Pfeifer 1991; Zeide 1998) , and the distribution of foliage and interception of solar radiation (e.g., Dubrasich et al. 1997; Grace 1990; Van Pelt and Franklin 2000) . Crown width is used in calculating competition indices based on crown overlap (Daniels et al. 1986; Biging and Dobbertin 1992) . Estimates of crown closure at various heights within a stand are also used as a competition measure in predicting various components of stand development in individual tree growth models (Biging and Dobbertin 1995) , such as CACTOS (Wensel et al. 1986 ) and ORGANON ). More recently, realistic crown shapes have been incorporated into forest visualization programs (e.g., Hanus and Hann 1997) .
Much of the work to describe tree crowns in the past has focused on predicting the greatest width of either opengrown or stand-grown trees. Equations for predicting the widths of open-grown trees, or maximum crown width (MCW), have been developed for many tree species because of its use in computing crown competition factor (Krajicek et al. 1961) . Some work has also been done to develop predictions of the largest crown width (LCW) of stand-grown trees (e.g., Smith 1966; Honer 1971; Hann 1997) .
Methodologies to describe the entire tree crown shape or profiles have taken two general approaches. Indirect methods begin by predicting the attributes of branches along the tree's stem (e.g., branch length and branch angle) and then indirectly computing the crown width using trigonometric relationships between the lengths and angles of branches. Examples of this approach include the crown profile equations of Roeh and Maguire (1997) , Deleuze et al. (1996) , and Cluzeau et al. (1994) . An alternative approach is to develop either deterministic or stochastic models for directly predicting crown width (radius or area) from tree attributes. Some deterministic examples of this approach are Doruska and Mays (1998) , Baldwin and Peterson (1997) , Nepal et al. (1996) , Biging and Wensel (1990) , Pretzsch (1992) , and Mitchell (1975) . Biging and Gill (1997) proposed directly predicting crown profiles with a stochastic approach to account for the rugged nature of crowns Biging 2002a, 2002b) . Hann (1999) proposed using a direct, deterministic approach to develop a relative crown profile model for Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) that is scaled by an estimate or measurement of LCW. Once LCW (which itself is scaled from MCW) is defined, the crown width at any height within the crown (CW h ) is predicted by the relationship
where RP h is the relative position in the crown (i.e., RP h = (HT -h)/CL), h is the distance from the ground, HT is the total tree height, and CL is the crown length. The variables used in this paper and their units of measure are given in Table 1, which are consistent with Hann (1999) . The value of k in eq. 1 characterizes the shape of the crown for a range of geometric solids (i.e., cylinder, cone, parabola, or neiloid). Because MCW and LCW can vary across the geographic range of a species (Hann 1997) , this methodology potentially allows for easier calibration of crown profile by rescaling, or measuring, values of MCW and LCW for a particular area. This paper uses the methods of Hann (1999) to develop crown profile prediction equations for western hemlock (Tsuga heterophylla (Raf.) Sarg.) in northwestern Oregon. In application, the minimal inputs to the resulting model are direct measurements of tree diameter at breast height (DBH), HT, and height to crown base (HCB) and predictions of LCW and its distance above crown base (DACB) from these direct measurements. However, direct measurements of LCW and DACB can also be used to localize predictions. The effects of measuring or predicting LCW and DACB are tested for the modeling data set and an independent validation data set.
Materials and methods

Data
Modeling data set Data for this study were collected as part of a larger project to develop a tree-level growth model for western hemlock in northwestern Oregon. The study area was in coastal northwest Oregon from Tillamook (about 45°30′N) to Astoria (about 46°10′N) and inland from the Pacific Ocean to the crest of the coast range (about 123°30′W). Stands in the study area that were predominantly western hemlock (greater than or equal to 60% of the basal area) were stratified into three age-classes (15-30, 30-45, and 45-60 years) , three site classes (high, medium, and low), and three density classes (high, medium, and low) based on inventory data. A total of 43 stands were measured. These were selected randomly from the available stands in each age-site-density class to cover the entire matrix. Stands generally had not received a thinning within the last 15 years, except for some young stands that had been precommercially thinned. No stands were selected if thinning had occurred within the previous 5 years.
A cluster of five measurement plots was established in each stand selected for measurements. When possible, four plots were located 45.72 m in cardinal directions from a central plot. The sample plots were a nested design of two fixed plots for smaller trees and a variable plot for larger trees following the methodologies of Hann (1992) . Trees with diameters of 0.0-10.16 cm were sampled on a 0.0018-ha fixed plot. A 0.0071-ha fixed plot was used to sample for trees with diameters of 10.41-20.32 cm. A 4.59 m 2 /ha basal area factor prism was used to select sample trees that were 20.57 cm and larger in diameter. All live trees greater than 1.37 m on the plots were identified by species and measured for DBH, HT, and HCB and any damage noted. In addition, all live trees greater than 1.37 m were measured for LCW in 32 of the 43 stands. In the 11 remaining stands, trees were subsampled for LCW throughout each plot's range of DBH. LCW was computed as the geometric mean of two crown widths based on measurements of four crown radii representing two azimuths. The first azimuth was defined by the direction from the subject tree towards the center of the measurement plot and the second crown width was in a perpendicular direction. The crown radii were measured as the horizontal distance from the center of the tree bole to the greatest extent of the crown from the bole in each quadrant by vertically sighting with a clinometer to locate the branch tip. This resulted in measuring 2293 western hemlock trees for developing LCW equations, which are summarized in Table 2 .
After all plots were measured, 61 trees were selected to represent the range in size (DBH and HT) and crown ratio (CR) for felling. These trees were spread out across the study area as much as possible. After felling, the live crown was divided into 10 equal intervals along the bole, the largest branch was selected at each of these locations and at the base of the live crown, and the following measurements were taken at each of the selected branches: (i) the height of the branch base (HB) from the ground, (ii) the length of the branch (BL f ), (iii) the angle between the bole at the base of the branch and the branch tip (VA f ), and (iv) the branch diameter outside bark at approximately one branch diameter from the bole (BD). Measurements began at the whorl nearest to the crown base with the first undamaged branch. Three trees were dropped from further analysis because of excessive damage to the branches during felling. A further 22 trees were dropped because they did not exhibit a clear LCW, owing primarily to broken branches in the lower part of the crown. This provided 322 undamaged branches from 36 trees in 18 stands for modeling crown profile and the data are summarized in Table 3 .
Since the branch angle of prone, felled trees can differ from the branch angle of standing trees because of the weight of the branch, the tree sections with measured branches were stood upright and a standing branch length (BL s ) and angle (VA s ) were also measured whenever possible. The standing branch length and angle for the branches that had only felled measurements were estimated using the following models from Hann (1999) fit to data for the branches with both standing and felled measurement (n = 349 branches with both standing and felled measurements): 
where BP is the relative position of the branch within the crown computed as (HT -BH)/(HT -HCB). The adjusted R 2 for eq. 2 was 0.9633 and for eq. 3 was 0.2397. The crown width (CW h ) of each measured branch was computed as the vertical projection of the standing branch length (BL s ) using the standing branch vertical angle (VA s ) and taking into consideration the diameter outside bark (DOB) of the tree bole using
Because DOB at the height of the branch tip was not measured in the field, it was predicted using the taper equations of Flewelling (1994) and Flewelling and Raynes (1993) with the location specified as coastal Oregon. The height of the projected crown width above the ground (h) was computed from the height to the base of the branch (HB) and the vertical distance from the base of the branch to the branch tip as follows:
Validation data set
In addition to the modeling data set, 35 western hemlock trees were made available as a validation data set (Kershaw 1993; Kershaw and Maguire 1995) . These trees were from two installations located in the same drainage in the Cascade Mountains of western Washington. At each location, trees were sampled from two 0.041-ha plots that had received an initial thinning to 471 trees/ha. In addition, one of the plots at each location received a urea nitrogen fertilizer application of 223 kg/ha. Both sites naturally regenerated after clear-cutting and slash burning. At the time that the measurements were taken, the two stands were 18 and 33 years of age, at breast height, and had been treated 10 years earlier.
For trees selected for branch measurements, all live branches were numbered consecutively from the lowest live branch upward. Prior to felling the tree, all live branches up to 8.99 m high above the ground were measured with a height pole for the height to the branch tip and the height to where the branch was attached. After measurement, the live branches were cut off and saved. The tree was then felled and the section above 8.99 m set upright and reoriented and the remaining branches measured. The removed branches were measured for total length (Kershaw 1993) . A secondary sampling process was then performed on the validation data set to mimic the procedures used to collect the modeling data set. In this process, sampling points were determined for each tree by dividing the live crown into 10 equal intervals and then selecting the whorl closest to each location and the lowest whorl in the crown. All branches at each selected whorl were then examined and the branch with the largest crown radius was chosen for inclusion in the validation data set to be consistent with the modeling data set. The validation data set is summarized in Table 4 .
Analysis methods
The crown profile model of Hann (1999) uses a twosegment approach to predict tree crown profiles for Douglasfir. The two segments are divided within the crown at the location of LCW. This method begins by predicting LCW as a scaled function of MCW. Ritchie and Hann (1985) , Dubrasich et al. (1997), and Hann (1997) found that the following equation predicted LCW well and has the desirable property that LCW = MCW when CR = 1.0: The MCW has been shown to be strongly related to DBH in numerous studies. Data from open-grown trees were not collected as part of this study, but three published MCW models for western hemlock were available. Farr et al. (1989) [5b] MCW = 1.280 + 0.170 × DBH Paine and Hann (1982) developed an equation using 62 trees (1.5-60.5 cm) from southwest Oregon:
[5c] MCW = 1.388 84 + 0.169 77 × DBH These models represent the range of western hemlock (Packee 1990 ). Models 5b and 5c are both linear and nearly identical and model 5a gives similar results through about 65 cm where it begins flattening out from the curved nature of the model form. Fits of LCW eq. 4 with the MCW values computed using Paine and Hann's (1982) eq. 5c showed residuals that exhibited trends in larger trees indicating that MCW might be overpredicted in trees greater than 60 cm DBH. This suggested that the MCW relationship over the extended range of diameters was curvilinear, as found by Farr et al. (1989) . We therefore used the western hemlock data of Paine and Hann (1982) to develop an estimator of MCW:
[5d] MCW = 1.328 52 + 0.188 94 × DBH -0.000 484 971 × DBH 2
The parameters were estimated using weighted regression and the same weight (1/DBH 1.244 ) used by Paine and Hann (1982) . The MCW estimates are similar for the all of the previous estimates up to about 40 cm where the curvature of the Farr (1989) model and eq. 5d becomes evident. Above 50 cm, eq. 5d predicts MCW values that are about 1 m greater than the Farr (1989) estimates.
The location of LCW within the crown is predicted from the DACB. Hann (1999) found that this was proportional to live crown length (CL):
[6] DACB = c 1 × CL In addition to CL, DACB was also plotted against CR, DBH, HT, HT/DBH, and LCW, but no trends were found. Knowing the position of LCW (eq. 6) and the size of LCW (eq. 4), crown widths are predicted above LCW (i.e., CWA h ) using the model: The parameters, and their asymptotic standard errors, for all equations were estimated using linear or nonlinear least squares. Weighted regression was used if the variance of residuals was not homogeneous. Final fits were then summarized by calculating the root mean squared error (RMSE) and the adjusted coefficient of determination (R a 2 ) for each equation using unweighted residuals. The R a 2 was computed using the method recommended by Kvålseth (1985) . Unweighted residuals were used because these are the values of most interest by users of the equations.
Given values of LCW and DACB, the two-component crown profile equations (eqs. 7 and 8) can be combined into the following estimator of CW h (Hann 1999) :
where I = 1.0 if h ≥ HLCW and I = 0.0 if h < HLCW. Equation 9 was evaluated by examination of the residuals (predicted minus observed) of the modeling and validation data sets. The residuals were summarized by the mean, variance, MSE (to take into account bias), and R a 2 (variation explained by the equations). The evaluation was repeated to compare differences of predicting versus measuring DACB and LCW for both the modeling and the validation data sets.
Results
The parameter estimates and standard errors of LCW eq. 4 fit using MCW eq. 5d and a weight of 1/MCW 2 are given in Table 5 . The unweighted RMSE is 1.1 m and the unweighted R a 2 is 0.743. The parameter estimate for the DBH/HT term was not significant, so this term was not included. The residuals for the fitted model are shown in Fig. 1. Figure 2 illustrates the expected trends of increasing LCW with larger crown lengths for a range of tree sizes.
The parameter estimate and its standard error of DACB eq. 6 fit using a weight of 1.0/CL 2 is given in Table 5 . The resulting unweighted RMSE is 1.4 m and the unweighted R a 2 is 0.371.
The final parameter values and their standard errors for CWA h eq. 7 fit with a weight of 1/LCW 2 are given in Table 5 and the residuals are shown in Fig. 3 . The HT/DBH term was not significant and was therefore not included in the final model. The resulting unweighted RMSE is 1.1 m and the unweighted R a 2 is 0.627. The presence of serial correlation between residuals within each tree's crown profile was evaluated by making individual fits to each tree's Table 5 . Parameter estimates and associated asymptotic standard errors for eqs. 4, 6, 7, and 8. CWA h data using weighted nonlinear regression and computing the Durbin-Watson statistic (Kmenta 1986) . Only three of the 36 trees in the modeling data set had DurbinWatson statistics that were significant (p = 0.10). This is consistent with Hann (1999) who found 10 out of 101 and Raulier et al. (1996) who found three tests in 32 trees in their data set with significant tests. We therefore concluded that serial correlation was not a serious problem and could be ignored. The plots showed that a simple linear relationship with LCW through the origin was adequate to describe CWB h . Parameter estimates and their standard errors for CWB h eq. 8 fit with a weight of 1.0/LCW 2 are given in Table 5 . The resulting unweighted RMSE is 2.2 m and the unweighted R a 2 is 0.861.
Discussion and conclusions
For western hemlock, Hann (1997) found that MCW = LCW based on 32 trees from his study area in southwest Oregon. The larger data set used in this study found that while LCW was similar to MCW for long-crown trees, as would be expected, LCW became less than MCW in smaller crowned trees. Figure 4 shows the relative crown width (CWA h /LCW) above LCW for the position of the branch in the crown. In comparison with the same model developed for Douglas-fir (Hann 1999) , the crown profiles above LCW are wider near the tip of the tree and a little narrower near LCW for western hemlock. These results indicate that western hemlock crowns are parabolic near the tree tip and become more conic in shape in the lower crown. Douglas-fir, on the other hand, have generally conic crowns that become slightly parabolic towards LCW. In Douglas-fir, Hann (1999) found that crown shape differs by the social position of the tree as measured by DBH/HT. The lack of a DBH/HT variable in western hemlock indicates that shape does not differ by social position. We have found that social position does affect CR and CL, which would impact LCW, causing different, but proportional, crown widths.
To illustrate the complete tree profile, eq. 9 was used to predict the profiles for dominant and suppressed western hemlock trees shown in Fig. 5 . These are compared with Douglas-fir trees of the same DBH, HT, and CR with the crown profile computed using the equations of Hann (1999) . Again, we see that the crowns of western hemlock are a little wider above HCLW, while the crowns of Douglas-fir are a little wider below HLCW. The location of LCW is higher in the crown profile for western hemlock. The use of the simplified CWB model shows that the crown widths decrease below LCW but does not give a smooth tapered transition between LCW and CWB. For most applications involving calculation of crown widths, this should not be a problem; however, a more complex function could be used to smooth the crown widths below LCW to the base of the live crown if necessary (e.g., in visualization applications). Future efforts may want to sample more intensely in this region of the crown to better determine the profile.
Equation 9 was used to predict the entire crown profile for the trees of the modeling data set. Residuals were calculated and are summarized in Table 6 for actual and predicted measures of LCW and DACB. If LCW and DACB are known, nearly 86% of the variation in unweighted predictions of CW h can be explained with a small average underprediction bias of about 0.04 m. There is little difference between using the actual values of DACB and predicting DACB for the modeling data set. By predicting DACB, the average underprediction bias increases to about 0.06 m and the variance increases 4.8% while the model still predicts nearly 85% of the variation in the modeling data set. However, predicting LCW nearly doubles the variation in the residuals while dropping the predictability to about 66% with an average overprediction bias of about 0.51 m. The magnitudes of prediction biases are similar to those found by Hann (1999) in his Douglas-fir model (after converting his estimators from metres to feet). The variances for western hemlock predictions are about 50%, 35%, and 14% higher than for Douglas-fir when LCW and DACB are known, LCW is known, and DACB is predicted and when LCW and DACB are both predicted, respectively. This suggests that the western hemlock crowns tended to be rougher than Douglas-fir crowns.
For the validation data set, the average residuals of the 18 unfertilized and 17 fertilized trees were 0.25 and -0.18 m, respectively, but were not significantly different from each other (p = 0.16). The variances of the residuals were 0.728 and 0.870 m 2 , respectively, and were also not significantly different from each other. Therefore, the unfertilized and fertilized trees were combined for validation. The average error in the resulting residual analysis with measured DACB and LCW was of similar magnitude to that found in the modeling data set, but the variance of the residuals was higher (Table 7). The model explained about 75% of the variation in unweighted residuals of the validation data set compared with about 86% for the modeling data set. As with the modeling data set, predicting DACB had only a small impact on the predictions of crown width (increased average residual from 0.04 to 0.07 m), while also predicting LCW caused a large increase in average residual (from 0.07 to 1.16 m) and a 26% increase in the variation of residuals. This resulted in a large loss in the precision of predictions. The poor results using predicted LCW might be partially due to the narrow range in the validation data set (only two sites).
Most of the increase in MSE for the predictions using eq. 9 came with the use of predicted LCW. The agreement with Hann's (1999) findings for Douglas-fir suggests that one can greatly increase the precision and accuracy of the crown width predictions by using localized estimates of LCW. These could be obtained by directly measuring LCW or calibrating eq. 4. These results further suggest that broadly applicable tree crown profile equations can be developed with a small number of trees sampled for the detailed and costly branch measurements needed to characterize relative crown shape. Table 7 . Unweighted residual statistics for eq. 9 using the actual measurements on the felled trees (f) and predicted values (p) of LCW and DACB for trees in the validation data set.
